The 13C4 monoclonal antibody (MAb) recognizes the B subunit of Stx1 (StxB1) and neutralizes the cytotoxic and lethal activities of Stx1. However, this MAb does not bind to the B polypeptide of Stx2, despite the 73% amino acid sequence similarity between StxB1 and StxB2. When we compared the amino acid sequences of StxB1 and StxB2, we noted three regions of dissimilarity (amino acids 1 to 6, 25 to 32, and 54 to 61) located near each other on the crystal structure of StxB1. To identify the 13C4 epitope, we generated seven Stx1/Stx2 B chimeric polypeptides that contained one, two, or three of the dissimilar StxB1 regions. The 13C4 MAb reacted strongly with StxB1 and the triple-chimeric B subunit but not with the other chimeras. Mice immunized with the triple-chimeric B subunit survived a lethal challenge with Stx1 but not Stx2, substantiating the identified regions as the 13C4 MAb epitope and suggesting that the incorporation of this epitope into StxB2 altered sites necessary for anti-Stx2-neutralizing Ab production. Next, single amino acid substitutions were made in StxB1 to mimic Stx1d, a variant not recognized by the 13C4 MAb. The 13C4 MAb reacted strongly to StxB1 with the T1A or G25A mutations but not with the N55T change. Finally, we found that the 13C4 MAb blocked the binding of Stx1 to its receptor, globotriaosyl ceramide. Taken together, these results indicate that the 13C4 MAb prevents the interaction of Stx1 with its receptor by binding three nonlinear regions of the molecule that span receptor recognition sites on StxB1, one of which includes the essential residue 55N.
In the United States, Shiga toxin-producing Escherichia coli (STEC) strains account for about 110,000 infections per year (16) . Enterohemorrhagic E. coli (EHEC) strains are a subset of STEC that contain a large pathogenicity island called the locus of enterocyte effacement and carry a 90-kb plasmid (13, 30, 32) . Enterohemorrhagic E. coli serotype O157:H7 in particular is noted for it association with food-, water-, or petting zoo-linked outbreaks of Stx-mediated disease (4, 23, 28) . A possible complication from an infection with an Stx-producing organism is the hemolytic uremic syndrome (HUS), a syndrome that is characterized by hemolytic anemia, thrombic thrombocytopenia, and renal failure. The majority of patients with HUS are children (5, 23) , and there is a 5 to 10% fatality rate for those individuals. Furthermore, HUS survivors may have lasting kidney damage. Currently, there are no FDA-approved therapies or vaccines in the United States to combat or prevent illness from STEC, but several promising options for the future are under investigation. These options include receptor mimics and active and passive immunization strategies (reviewed in references 17 and 31). Several recent vaccine candidates not described in the above-mentioned reviews include Stx1 and Stx2 genetic toxoids, a plantbased Stx2 toxoid, and a chimeric StxA2/StxB1 toxoid that elicits a neutralizing antibody response and provides protection against a lethal challenge of both Stx1 and Stx2 (25, 33, 34) . Several groups are pursuing passive immunization strategies that utilize humanized or human monoclonal antibodies (MAb) that neutralize one or more Stxs (6, 7, 12, 18, 19, 35) .
STEC may produce one or more types of Stxs. There are two main serogroups of Stxs, Stx/Stx1 and Stx2. Stx is produced from Shigella dysenteriae type1, while Stx1 and Stx2 are produced from Escherichia coli. The Stx/Stx1 and Stx2 groups are defined by the fact that polyclonal antiserum to one toxin group does not cross-neutralize the cytotoxicity of the other toxin group (27, 34) . Stx and Stx1 are virtually identical, with only one amino acid difference in the A subunit. The Stx1 and Stx2 A and B subunits are 68 and 73% similar at the amino acid level, respectively, and the crystal structures of Stx and Stx2 are remarkably similar (8, 9) . Variants of Stx1 and Stx2 include Stx1c, Stx1d, Stx2c, Stx2d, Stx2d-activatable (Stx2d act ), Stx2e, and Stx2f (reviewed in reference 17).
The Stxs are complex holotoxins with an AB 5 structure. The active domain (A) contains an N-glycosidase that depurinates the 28S rRNA of the 60S ribosomal subunit, an event that stops protein synthesis and eventually leads to cell death. The A subunit is ϳ32 kDa and is proteolytically cleaved by trypsin or furin into an ϳ28-kDa A 1 subunit and an ϳ5-kDa A 2 peptide, components that are connected through a single disulfide bond. The A 1 subunit contains the active domain, and the A 2 peptide noncovalently tethers the active domain to the binding domain. The binding subunit (B) consists of five identical ϳ7.7-kDa monomers that form a pentamer through which the C terminus of the A 2 peptide traverses. Each of the B subunit monomers has two cysteine residues that form a disulfide bond within each monomer. The B pentamer preferentially binds the eukaryotic receptor globotriaosyl ceramide (Gb 3 ) (or globotetraosylceramide as is the case for Stx2e). Three receptor binding sites per B monomer have been proposed (14) . However, several studies suggest that the second receptor binding site is the primary site through which each monomer interacts with its receptor (14, 24, 29) .
The murine 13C4 MAb that was generated in our laboratory over 20 years ago by Nancy Strockbine binds to StxB1 and neutralizes Stx1 but does not bind to StxB2 or neutralize Stx2 (26) . Previously, Boyd et al. attempted to map the epitope of the 13C4 MAb (2). Although those authors did not succeed in mapping the 13C4 MAb binding site, they did conclude that the epitope was conformational and that the disulfide bond formed within each StxB1 monomer was critical for the proper folding of that molecule and recognition by the 13C4 MAb. Recently, it was reported that the 13C4 MAb does not detect Stx1d, an Stx1 variant that differs from StxB1 by only three amino acids in the mature B subunit (3) . In this report, we define the sites on StxB1 recognized by the 13C4 MAb that are necessary for the generation of Stx1-neutralizing antibodies and protective immunity. We also demonstrate that this 13C4 MAb epitope overlaps the amino acid sequence for the second and likely major receptor binding site on each StxB1 monomer.
MATERIALS AND METHODS
Bacterial strains, plasmids, and media. Bacteria were grown in Luria-Bertani (LB) broth or on LB agar (Becton Dickinson and Company, Sparks, MD) supplemented with 100 g/ml of ampicillin or 20 g/ml of chloramphenicol as needed for the selection of recombinant plasmids. Bacterial strains and plasmids used in this study are listed in Table 1 .
Construction of plasmids that contain the stxB 1 -stxB 2 chimeric genes. A set of seven stxB 1 -stxB 2 chimeric genes encoding either one, two, or all three StxB1 regions (hereafter referred to as regions A, B, and C) that comprise the putative 13C4 MAb epitope was generated by PCR with the splicing by overlap extension (SOE) protocol (11) . Regions A, B, and C contain amino acids (aa) 1 to 6, 25 to 32, and 54 to 61, respectively, of StxB1. All primers used in this study are listed in Table 2 . Initially, stxB 1 and stxB 2 were amplified by PCR from clones that contain stx 1 or stx 2 , respectively, and ligated into pBluescript II KS (Ϫ) (Stratagene, La Jolla, CA). The stxB 1 -stxB 2 chimeric genes were then generated by SOE PCR and ligated into pBluescript II KS (Ϫ). To add a common epitope to all of the chimeric B subunits, the stxB 1 -stxB 2 hybrid genes were again amplified by PCR, and six histidine codons were incorporated immediately downstream of these B genes. During this round of PCR, an optimized Shine-Dalgarno sequence for enhanced translation (TAAGGAGGACAGCTATG [the optimized Shine-Dalgarno sequence is underlined, and the translational start site is in bold]) was also added upstream of the start codons. The modified chimeric genes were then ligated into the expression vector pTrcHis2 C (Invitrogen, Carlsbad, CA) and transformed into E. coli strain BL21(DE3). Cloning the genes for the B subunits in this manner allowed the transcription of the chimeric genes to be under the control of the pTrc promoter and added a common epitope to all the expressed constructs. This common tag on the proteins provided a means to normalize the amounts of B subunit proteins in different bacterial lysates through Western blot analyses with a MAb that recognized the six-histidine epitopes. Three additional individual mutations were generated by SOE PCR in stxB 1 to mimic the three amino acid differences between the mature StxB1d and StxB1 (T1A, G25A, or N55T). These constructs were sequenced at the Biomedical Instrumentation Center at the Uniformed Services University of the Health Sciences to verify that the correct mutations were generated.
Western blotting. Purified Stx1 or whole-cell bacterial lysates that contained His-tagged StxB1 or StxB2 or the seven His-tagged chimeric StxB1/StxB2 proteins were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Western blot analysis as previously described (25) In brief, overnight cultures of E. coli BL21(DE3) that contained clones of the His-tagged B subunits were diluted 1:50 into 5 ml of LB broth and incubated for 3 h at 37°C. The cultures were then induced with 1 mM isopropyl ␤-D-thiogalactopyranoside (IPTG) and incubated for an additional 5 h. The induced cultures were then aliquoted into microfuge tubes, and sodium dodecyl sulfate-polyacrylamide gel electrophoresis sample buffer (containing 0.6 M dithiothreitol, 10% sodium dodecyl sulfate) was added. These samples were stored at Ϫ80°C. Prior to being loaded onto 15% polyacrylamide gels, the samples were heated to 95°C for 5 min. The concentrations of wild-type and chimeric B subunits loaded were normalized on preliminary Western blots by detection with the anti-six-histidine MAb (Novagen, Madison, WI) and quantified using the NIH Image J program (http://rsb .info.nih.gov/nih-image). Finally, two polyacrylamide gels were equivalently loaded with normalized samples and subjected to Western blot analysis with either the anti-six-histidine or the 13C4 MAb hybridoma tissue culture supernatant diluted 1:5 as the primary antibody. The secondary antibody for both West- ern blots was goat anti-mouse immunoglobulin G (IgG) conjugated to horseradish peroxidase (HRP) (Bio-Rad, Hercules, CA) at a dilution of 1:3,000. The secondary antibody was detected by chemiluminescence with the ECL-Plus Western blotting detection kit (Amersham Bioscience, Little Chalfont, Buckinghamshire, England). Purification of the StxB 1 /StxB 2 triple-chimeric B subunit ABC. An overnight culture of E. coli BL21(DE3) that contained the pTrcHis2 C stxB 1 -stxB 2 triplechimeric B subunit clone pMJS36ABC was diluted 1:50 into 3 liters of LB broth. After 3 h of growth, the cultures were induced with 1 mM IPTG and incubated for an additional 5 h. The bacteria were sedimented by centrifugation and concentrated 75-fold by resuspension in 40 ml of 50 mM phosphate buffer containing 300 mM NaCl, pH 7.6 (sonication buffer). The concentrated bacterial suspensions were then disrupted by sonication and clarified by centrifugation. Each clarified lysate was then applied to a nickel affinity column (QIAGEN Inc., Valencia, CA) and eluted from the column with sonication buffer that contained 250 mM imidazole. The eluted proteins were then dialyzed against phosphatebuffered saline (PBS), pH 7.4, concentrated with a Centricon 3,000-molecularweight-cutoff filter (Millipore Corporation, Bedford, MA), and sterilized by filtration through a 0.2-m filter. After purification, the total protein concentration of the StxB1/StxB2 triple-chimeric ABC preparation was 288 ng/l, as determined by a bicinchoninic acid assay (Pierce, Rockford, IL). The triplechimeric B subunit ABC was recognized in the purified sample by Western blot analysis with the anti-six-histidine and 13C4 MAbs. A silver-stained gel showed that the triple-chimeric B subunit ABC was the major purified protein, although other bands were evident (data not shown).
Mouse immunization and challenge. Preimmune serum was collected from 13 CD-1 male mice that weighed between 14 and 16 g (Charles River Laboratories, Boston, MA). The mice were then immunized intraperitoneally with 14.4 g of the purified StxB1/StxB2 triple-chimeric B subunit ABC in PBS mixed 1:1 with TiterMax Gold, a water-in-oil adjuvant (total volume, 100 l; TiterMax USA Inc., Norcross, GA). The mice were boosted at 3-week intervals with the same amount of the purified triple-chimeric B subunit ABC in adjuvant, for a total of four boosts. Two weeks after the last boost, the 13 immunized mice were divided into two groups, one containing 7 mice and the other containing 6 mice, and challenged with 10 times the 50% lethal dose (LD 50 ) of either Stx1 (1,250 ng) or Stx2 (10 ng), respectively. The 14 naïve CD-1 male mice were divided into two groups that contained 7 mice each and challenged with 10 LD 50 s of either Stx1 or Stx2.
ELISA. Ten days after the fourth and final boost, serum was collected from each of the immunized mice. These samples were compared to the appropriate preimmune serum sample by enzyme-linked immunosorbent assays (ELISA) to determine serum IgG levels directed against StxB1 or StxB2, as reported previously (25) . Serum samples from the 14 naïve mice were analyzed as negative controls. Briefly, 100 g of purified Stx1 or Stx2 in PBS was used as the antigen, and mouse serum was used as the primary antibody after dilution in PBS that contained 0.05% Tween 20 (PBST-20). The secondary antibody, goat anti-mouse IgG conjugated to HRP, was added at a dilution of 1:3,000 in PBST-20. The ELISA titer was defined as the dilution of the postimmunization serum that was ϩ0.1 optical density (405 nm) units above the prebleed value after the background optical density at 405 nm had been subtracted from it. These assays were performed once in duplicate. In vitro neutralization assays. The pre-and postimmunization sera from the 13 immunized mice and sera from the 14 naïve mice were used in in vitro neutralization assays against 10 50% cytotoxic doses (CD 50 s) of Stx1 and 25 CD 50 s of Stx2 by a previously described procedure (15, 25) . The actual CD 50 values were calculated retrospectively at the completion of the experiment. The neutralization titer was defined as the dilution of the mouse serum or 13C4 MAb that neutralized 50% of the cytotoxic effect of Stx1 or Stx2 on Vero cells. These assays were performed once in duplicate.
To examine the capacity of the 13C4 MAb to neutralize Stx1 with single amino acid changes in the B subunit that mimicked the differences of the 13C4 MAbnonreactive variant Stx1d, we used the following approach. A second plasmid that contained stxA 1 was cotransformed into bacteria that harbored clones that expressed StxB1 or StxB1 with the T1A, G25A, or N55T mutation. Bacteria cotransformed with both of these plasmids produced holotoxins that were cytotoxic for Vero cells. Clarified sonic lysates of bacteria that expressed these Stx1 holotoxins were subjected to in vitro neutralization assays with the 13C4 MAb (approximately 10 CD 50 s per toxin). We reasoned that if the individual amino acid changes altered reactivity with the 13C4 MAb, then the antibody would then no longer neutralize the toxicity of the mutant Stx1 for Vero cells.
Gb 3 binding inhibition assay. A Gb 3 binding assay was used to determine whether the 13C4 MAb could inhibit Stx1 from interacting with its receptor. Unless otherwise noted, the Gb 3 binding assay was done as described previously (1, 33) . In brief, 1,200 pg of purified Stx1 was diluted in PBS that contained 0.05% Tween 80 (PBST-80) and 0.1% bovine serum albumin (hereafter called binding solution), and equal volumes of Stx1 were mixed with either binding solution, undiluted 13C4 MAb (Hycult Biotechnology, Uden, The Netherlands), or serially diluted (1:4) 13C4 MAb in binding solution. The toxin-antibody mixture (total volume, 120 l) was incubated for 2 h at 37°C in 5%CO 2 , and 100 l was then applied to Gb 3 (Matreya, Inc., State College, PA)-coated microtiter plates (1 g/well) that had been washed with PBST-80. The samples were incubated for 2 h at 37°C with the primary antibody, rabbit anti-Stx1 polyclonal antibody diluted 1:5,000 in binding solution. After washing unbound primary antibody from the wells with PBST-80 and PBS, the secondary antibody, goat anti-rabbit IgG conjugated to HRP (Bio-Rad), was added at a dilution of 1:1,000 and incubated for 1 h at 37°C. After another wash with PBST-80, followed by a wash with PBS, the secondary antibody was detected with a tetramethylbenzidine peroxidase enzyme immunoassay substrate kit (Bio-Rad), and the microtiter plates were incubated at room temperature for 15 min to allow for a color change to develop. The reaction mixtures were then transferred to a fresh microtiter plate and read at 600 nm. These assays were done twice in triplicate. Controls for this experiment included incubating Stx1 with an isotype-matched irrelevant MAb (11E10; Hycult Biotechnology) or with no antibody. mature StxB1 and StxB2 proteins were aligned, three regions of high dissimilarity between the two proteins were evident (Fig. 1A) . Two of these regions are centered around the cysteine residues at the N and C termini of the protein and comprise amino acids 1 to 6 and 54 to 61, respectively. The third region is in the middle of StxB1 and spans amino acids 25 to 32. Upon examination of the crystal structure of StxB1, we noticed that the three regions of dissimilarity were proximal to each other, as illustrated with the ribbon diagrams of the Stx1 B pentamer in Fig. 1B and C. Western blot analysis of chimeric StxB1/StxB2 proteins with the 13C4 monoclonal antibody. To map the 13C4 MAb epitope, wild-type StxB1 and StxB2 and seven chimeric Stx1/ Stx2 B subunits consisting of one, two, all three, or all possible combinations of the three unique StxB1 regions were generated by a series of PCR and splicing by overlap extension reactions (Fig. 2) . The 13C4 MAb reacted strongly with Stx1, StxB1, and the triple-chimeric B subunit ABC that contained all three unique regions of StxB1 but only weakly with the double-chimeric B subunit AC; no signal was detected with the other chimeras (Fig. 3) .
RESULTS

Analysis of StxB1 and
Analysis of StxB1 that contains single amino acid mutations by Western blotting and in vitro neutralization with the 13C4 MAb. The 13C4 MAb does not recognize Stx1d, an Stx1 variant that has only three amino acid differences in the mature B subunit from Stx1 (4). Therefore, we generated three single StxB1 mutations that mimic those three differences (T1A, G25A, and N5T) and probed the resulting proteins with the 13C4 MAb by Western blotting. The 13C4 MAb detected Stx1, StxB1, and StxB1 with the T1A and G25A mutations but not StxB1 with the N55T mutation (Fig. 3) . To further investigate the capacity of the 13C4 MAb to bind and neutralize the single amino acid mutations in StxB1, in vitro neutralization assays were done. The 13C4 MAb neutralized wild-type Stx1 and the Stx1 with the StxB1 T1A and G25A mutations, but not StxB1 with the N55T mutation (data not shown). The findings that the 13C4 MAb neither recognized the B subunit with the single N55T mutation nor neutralized StxB1 N55T strongly suggest that the 55th residue is critical for the binding of the 13C4
MAb. The critical asparagine residue is highlighted in Fig. 1A to C.
Immune response to StxB1/StxB2 triple-chimeric B subunit ABC immunization. The 13 CD-1 mice that were immunized with the purified triple-chimeric StxB1/StxB2 protein ABC displayed high ELISA titers to Stx1 and Stx2, i.e., 5.1 and 3.8 logs above background, respectively (Table 3) . None of the preimmune sera from the 13 immunized mice or sera from the 14 naïve mice displayed any appreciable ELISA titers to Stx1 or Stx2.
Because in vitro neutralization titers are a better indicator of a protective immune response than are ELISA titers (34) the sera were used in in vitro neutralization assays with purified Stx1 or Stx2 (CD 50 , 10 or 25, respectively). Serum samples from 12 of 13 immunized mice displayed high neutralization titers to Stx1, while samples from only 2 mice had neutralization titers to Stx2, which were 2.7 and 0.4 logs above background, respectively ( Table 3 ). The preimmune sera from the 13 immunized mice and the sera from the 14 naïve mice displayed no neutralizing antibodies to Stx1 or Stx2. These data suggest that the StxB1 regions of the triple-chimeric B subunit ABC represent a neutralizing epitope.
Protection of immunized mice against lethal toxin challenge. Two weeks after the final boost, the 14 control mice and the 13 immunized mice were challenged with 10 LD 50 s of either Stx1 or Stx2. The 14 nonimmunized mice were divided into two groups of 7 each and challenged with either Stx1 (group 1) or Stx2 (group 3). The 13 immunized mice were divided into two challenge groups; the Stx1 challenge group (group 2) contained 7 mice, while the Stx2 challenge group (group 4) contained 6 mice. Six of the seven immunized mice survived the Stx1 challenge, while only one of six immunized mice survived the Stx2 challenge ( Table 4) . None of the 14 naïve mice survived the Stx1 or Stx2 challenge; in fact, all of these animals died within 4 days of toxin administration. The survival of the immunized mice from the challenge experiments correlated directly with in vitro neutralizing antibody titers of the serum samples from those animals. Specifically, prior to Stx1 challenge, six of seven immunized mice had high neutralizing serum antibody titers to Stx1, and all six survived. The mouse that did not survive the lethal Stx1 challenge did not have neutralizing serum antibodies to Stx1. For the immunized group that was challenged with Stx2, two of the six mice had neutralizing serum antibody titers to Stx2, and the mouse with the highest neutralizing titer to Stx2 survived the lethal Stx2 challenge. The five immunized mice with either low (one mouse) or no (four mice) neutralizing serum antibody titers to Stx2 did not survive the Stx2 challenge.
Gb 3 binding inhibition assay. An in vitro binding inhibition assay was used to determine whether the 13C4 MAb could prevent the binding of Stx1 to Gb 3 . Stx1 and 13C4 MAb were incubated together and then overlaid onto Gb 3 -coated microtiter plates. Stx1 binding to Gb 3 was not detected until the 13C4 MAb was diluted past 1:512 from a 0.1-mg/ml stock (Fig.  4) . Maximal Stx1 binding occurred after the 13C4 was diluted to 1:8,000 or greater. These results show that the 13C4 MAb completely inhibited the binding of 1,000 pg of Stx1 to Gb 3 in a dose-dependent manner.
DISCUSSION
Our results demonstrate that the 13C4 epitope is conformational in nature. We found that three nonlinear regions of StxB1 were required for full binding of MAb 13C4 to StxB1/ StxB2 chimeras. Our results are consistent with the data of Boyd et al., who showed that the 13C4 MAb is a conformational epitope (2) . Although the StxB1/StxB2 triple-chimeric B subunit ABC contains mostly StxB2 (only 22 out of 71 amino acids correspond to those of StxB1), ELISA and neutralization titers higher for Stx1 than for Stx2 were achieved after immunization with the triple-chimeric B subunit. These observations could reflect the fact that the 22 amino acids that comprise the 13C4 epitope are on the outside of the B pentamer and therefore are good targets for neutralizing antibodies. Furthermore, the localization of these regions on the outer face of the toxin B pentamer may increase the likelihood that these amino acids are immunodominant. Indeed, we found that when the 22 amino acids comprising the 13C4 MAb epitope were inserted into StxB2 and used to immunize mice, six of seven mice survived a lethal challenge of 10 LD 50 s of Stx1, whereas only one of six mice survived a lethal challenge of 10 LD 50 s of Stx2.
We further found that the asparagine at the 55th residue of StxB1 is a critical amino acid of the 13C4 MAb epitope by creating single amino acid substitutions to mimic the changes found in StxB1d (T1A, G25A, and N55T) and testing those mutants for binding or neutralization by the 13C4 MAb. The 13C4 MAb did not bind to StxB1 with the N55T mutation, nor did the antibody neutralize the Stx1 with the N55T mutation. The asparagine at the 55th residue of StxB1 is also a critical amino acid for the binding of another Stx1-neutralizing monoclonal antibody (5-5B) that recognizes the Stx1 B subunit but fails to recognize Stx1d (21) . Additionally, a third MAb (2H3) that recognizes StxB1, but not StxB1d, has been described, and residue 55 may play a role in that difference as well (3) . Finally, another MAb, VTm1.1 (later humanized and called TMA-15), recognizes StxB2 and neutralizes Stx2 (12, 22) but fails to recognize StxB2 when the 56th amino acid is mutated (E56H). The 55th residue of StxB1 and the 56th residue of StxB2 are both located on the outside of the B monomers in approximately the same location. Our results and the findings of others as summarized above support the idea that the 55th and 56th amino acids of StxB1 and StxB2, respectively, are critical residues for neutralizing MAbs directed against Stx1 and Stx2.
A crystal structure analysis of the Stx1 B pentamer complexed with a Gb 3 analogue has shown that there are three receptor binding sites per StxB1 monomer (14) . Here we identified the 13C4 MAb epitope and then used the structural information provided by Ling and colleagues (14) to map the 13C4 MAb epitope to regions of StxB1 that span the first and second receptor binding sites. Based on that analysis, we predicted that the 13C4 MAb epitope overlaps two Gb 3 binding sites and speculated that the 13C4 MAb neutralizes the activity of Stx1 by either directly or indirectly (through steric hin- 
